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Abstract:  We have developed a method for performing light-sheet mi-
croscopy with a single high numerical aperture lens by integrating reflective
side walls into a microfluidic chip. These 45° side walls generate light-sheet
illumination by reflecting a vertical light-sheet into the focal plane of the
objective. Light-sheet illumination of cells loaded in the channels increases
image quality in diffraction limited imaging via reduction of out-of-focus
background light. Single molecule super-resolution is also improved by
the decreased background resulting in better localization precision and
decreased photo-bleaching, leading to more accepted localizations overall
and higher quality images. Moreover, 2D and 3D single molecule super-
resolution data can be acquired faster by taking advantage of the increased
illumination intensities as compared to wide field, in the focused light-sheet.
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Three-dimensional microscopy; (230.3990) Micro-optical devices.
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1. Introduction

Single molecule super-resolution (SMSR) imaging is performed by localizing individual fluo-
rophores within a densely labeled sample. SMSR in 3D throughout a mammalian cell is diffi-
cult because wide field activation and imaging light cannot be targeted to the in-focus image
plane. This results in high background fluorescence leading to large localization errors [1,2]. To
prevent high background fluorescence in SMSR imaging total internal reflection fluorescence
(TIRF) illumination is often used to confine the excitation light to ~300 nm above the coverslip,
but this limits the application to imaging of targets close to the ventral plasma membrane. To
overcome these limitations, we use a single objective along with a reflective surface to generate
illumination only in the image focal plane. We will refer to this method as Single Objective
Light-Sheet Microscopy (SO-LSM).

In traditional light-sheet microscopy (also termed selective/single plane illumination mi-
croscopy, SPIM) an objective placed perpendicular to the detection objective is used to gen-
erate a thin sheet of light that illuminates only the image focal plane [3]. This optical design
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Fig. 1. Principle of reflected beam light-sheet microscopy. A laser line is focused through
the objective and is reflected from a 45° mirror side wall of a microfluidic channel. The
light-sheet is reflected at the focal plane of the objective, thereby illuminating only the in-
focus plane of the cell. 3D optical sectioning is achieved by moving the channel and cell
up and downwards and repositioning of the light-sheet such that it is reflected at the focal
plane.

requires a specialized microscope in which the illumination and detection objectives have to
be placed close together. When high numerical aperture (NA) objectives are needed as is the
case for SMSR imaging, this two objective design poses problems due to the short working
distance and bulky nature of these objectives. Various attempts have been made to circumvent
these limitations. Hu and coworkers proposed a method termed light-sheet Bayesian super-
resolution in which they use a prism-coupled condenser design to illuminate a thin slice [4].
In reflected light-sheet microscopy two opposing objectives are used together with a polished
AFM cantilever which reflect the light-sheet formed by one objective at the focal plane of the
other objective [5]. Recently, this approach was adapted to use commercially available micro-
prisms attached to standard coverslips instead of the AFM cantilever [6]. Other approaches
include Bessel beam plane illumination [7], individual molecule localization—selective plane
illumination microscopy [8] and lattice light-sheet microscopy [9]. However, all these setup-
s are complex and require two objectives that need to be critically aligned, which limits the
applicability. Highly inclined and laminated optical sheet (HILO) (also termed variable-angle
epi-fluorescence microscopy) uses only one objective, but the field of view is limited by the
oblique illumination and the illumination intensity varies with z—depth [10, 11]. Recently, Gal-
land and coworkers used a single objective combined with a 45° reflective surface to produce
SPIM 3D optical sectioning and termed their method single-objective selective-plane illumina-
tion microscopy (soSPIM) [12].

Here, we describe the use of a single objective, inverted epi-fluorescence microscope along
with a reflective surface for illumination and detection (Fig. 1), related to the approach taken by
Galland et al. [12]. In our approach the reflective surface forms the side wall of a microfluidic
channel incorporated into a microfluidic device. A light-sheet is generated through the objective
and reflected by the mirror surface such that it illuminates only the in-focus plane of the cell
(Fig. 1). The microfluidic device provides benefits such as a sealed environment and fast, auto-
mated buffer exchange which are beneficial for SMSR applications where buffer conditions are
critical.

2. Optical design
2.1. Layout of optical setup

The outline of the optical setup is shown in Fig. 2. The microscope's excitation source is a
642 nm diode laser (Thorlabs, HL6366DG) which is collimated by aspherical lens AL1 and a
laser diode clean up filter is used to filter out undesirable laser light (Semrock, LD01-640/8-
12.5). The laser is coupled into an optical fiber (P1-488PM-FC-2, 0.12 NA, Thorlabs) via two
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Fig. 2. Single objective light-sheet microscope setup. (a) Schematic overview of micro-
scope setup. The image shows the horizontal plane of the optical table. Note that the ob-
jective and microfluidic channel are drawn horizontally for visualization purposes, but they
actually point upwards. (b) The laser line generating light paths (yellow highlighted part in
(a) are shown for the x—z and y—z planes.
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mirrors and aspherical lens AL2. The laser beam out of the fiber is collimated by an aspher-
ical lens, AL3. For the wide field illumination light path, flip mount mirror FMMI is flipped
up and reflects the light onto mirror M5. The laser beam passes through a telescope system
formed by aspherical lens AL4 and lens L3, which expand the beam into the desirable diame-
ter. Flip mount mirror FMM2 is flipped down and mirror M6 reflects the light through the iris
and TL1 onto the dichroic mirror (Semrock, Di02-R635-25x36) and into the objective (Olym-
pus, UPLSAPO 60X W), which is placed vertically in an inverted microscope configuration.
The fluorescence emission passes through the dichroic mirror DM and an emission filter EM
(Semrock, FF01-708/75-25) before being focused by tube lens TL2 onto an sSCMOS camera
(Hamamatsu ORCA-Flash4.0 V2 Digital CMOS, C11440-22CU). A cylindrical lens CY3 is
placed 46 mm before the camera chip to create astigmatism for 3D emitter localization. The
cylindrical lens CY3 is removed for diffraction limited imaging and 2D super-resolution.

For light-sheet generation, flip mount mirror FMMI1 is flipped down and the laser is reflected
by mirrors M3 and M4. Figure 2(b) shows the light paths for the x—z and y—z plane with z being
the dimension along the optical axis. In the x—z plane, the laser line is diverged by a cylindrical
lens, CY2, and re-collimated by lens L1. When the beam is collimated after L1 the waist of
the light-sheet will be positioned at the focal plane of the objective, however this is not the
ideal position as it will diverge right after reflection by the channel wall, before reaching the
cell. Therefore the position of CY2 is not fixed and can be adjusted along the optical axis to
position the beam waist further away from the focal plane of the objective and within the cell
after reflection (see section 2.2). A slit is used to control the x dimension of the laser line.
After reflection by the galvanometric mirror GM, and the flip mount mirror FMM?2, which is
flipped up for light-sheet illumination, the laser line is focused in the x—z plane at mirror M6.
Mirror M6 is placed at the conjugate focal plane of the sample plane, which is 180 mm from
the tube lens, TL1. Therefore, the focused laser line at the M6 will be imaged at the sample
plane through the tube lens TL1, the dichroic mirror DM, and the objective. In the y—z plane,
the laser beam is expanded by the laser line generating lens LLLG (LaserLine Optics Canada,
LOCP-8.9R01-1.0), and re-collimated by a cylindrical lens CY 1. L1 focuses the laser in the y—z
plane at the galvanometric mirror GM. After being reflected by the galvanometric mirror, the
laser line is diverging in y—dimension, and is collimated by L2. After reflection by flip mount
mirror FMM2, mirror M6 and passing through the iris the laser line is imaged by tube lens TL1
and the objective. The laser line is reflected by the side wall of a microfluidic channel and forms
a light-sheet in x—y, across the focal plane of the objective.

The sample is placed in a sample holder (Thorlabs, MAX3SLH) which is mounted onto x
and y manual translational stages (Thorlabs, PT1/M). The sample z—position is controlled by a
combined manual/piezo translational stage (Thorlabs, NFL5DP20S/M). The piezo is coupled to
a strain gauge reader for feedback and operated in closed loop control. For z—scanning the piezo
is used to scan the sample in z and the galvanometric mirror is used to position the light-sheet
at the correct x—position such that it is reflected at the focal plane of the objective.

2.2.  Positioning the beam waist at the cell

In the ideal situation, the entire length of the light sheet (confocal parameter) should be centered
on the cell, so that the thinnest part of the light-sheet spans across the cell area. Therefore, the
beam waist should be moved further away from the objective. To achieve this, the incoming
beam should not be collimated and the beam curvature at the back aperture of objective lens
should not be infinite, but should have a finite value. In Fig. 3, R is the beam curvature at the
back aperture of the objective. Given that R; is approximately tens of millimeters large it can be
approximated to the object distance of the intermediate virtual object of the beam waist inside
the sample medium. In order to move the beam waist away from the objective, the best option
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CY2 L1 L2 TL1 objective

Fig. 3. Positioning the beam waist. The beam path in the x—z dimension is shown starting
from CY2 (top). The optical components are labeled the same as in Fig. 2. I; is the virtual
object of I, I, is the real object of I3, which is the beam waist, and /4 is both the virtual
image of I, and the virtual object of I3. If 3 is at the designed focal position of the objective
lens, Sy is equal to the focal length of L1 (S = f1). D1, D> and D3 are fixed distances, which
are equal to f1 + f2,/> + f3 and f3, respectively (D3 is approximately equal to f3, because
the focal length of the objective lens is usually much smaller than the focal length of the
tube lens TL1). In the bottom drawing, CY?2 is moved by a distance d;, and thereby the
beam waist /3 is moved away from the objective lens.

is to move the second cylindrical lens (CY2, Fig. 2), which will affect only the optical path in
the x—z dimension. Figure 3 shows the excitation beam path in the x—z dimension starting from
CY2. As shown in the top panel, if I3 is at the designed focus of the objective, its virtual object
Iy will be at infinity, and R| ~ oo, §1 = fi, in which fj is the focal length of lens L1. By moving
CY2 a distance of d; (bottom panel), /4 is moved towards the objective, and R; gets a finite
value. The derivation of R; from d is given below. Lens L1 and L2 form a telescopic system,
with an axial magnification of (f>/f1)2, in which £, is the focal length of L2. Thus S, which
is originally equal to f>, can be calculated from

(N 2
SH=(=) xdi+f2 (D
h

since D> is fixed and equal to f> + f3, S3 is given by:
S3=fH+f-5 (2)

although TL1 and the objective also form a telescope like system, its lateral magnification does
not agree with the result from a telescope system, because the objective is a compound lens
system, which cannot be simplified by a thin lens. The image formation of TL1 is described by:

1 1 1
o= 3)
S3 Sa f3
then:
Ri=84+D3 =584+ f3 “4)
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Fig. 4. Light-sheet dimensions. (a) Cartoon representing the measured parameters of the
beam dimensions. @y is the beam radius at the waist, zq is the distance between the waist
and the position along the propagation direction at which the beam radius is v/2 x ay.
The confocal parameter is 2 x zp. (b) In order to image the beam dimension at various
distances from the objective the position of the tube lens relative to the camera is changed,
resulting in a shift of the focal plane. (c) At each focus an image of the beam is taken (top
panel) and the profile of the image along the x dimension is fitted to a Gaussian in order
to determine the width. (d) Graph showing the measured beam width (crosses) for each
z-position (propagation direction), where 0 is the closest position to the objective that we
could measure. The beam was measured for two different slit aperture widths (1 mm and
2 mm) and for both the profile was fit to Eq. (6).

combining Egs. (1) to (4)

(xS 2 1
Rl‘( 5 >Xd1 ©)

Thus, z¢ can be related with d; by Eq. (5) and CY2 can be moved towards the objective in order
to move the beam waist away from the objective and the channel wall and into the cell.

2.3. Light-sheet dimensions

We measured the dimensions of the light-sheet (Fig. 4(a)) by moving the tube lens with respect
to the camera and imaging an Alexa 647 coated coverslip (Fig. 4(b,c), see section 4.2 for de-
tails). For a 2 mm slit opening, which is approximately the x—dimension of the beam at the slit
position, we found the thickness (@y) of the light-sheet to be 1.1 um and the confocal parame-
ter (range over which the thickness is smaller than V2 x ap) tobe 11.9 um (Fig. 4(d)), thereby
matching the dimensions of a single cell. Increasing the slit opening didn’t change the beam
profile (data not shown). We can tune the light-sheet dimensions by closing the slit, as is shown
for a 1 mm slit opening (Fig. 4(d)), which increases the thickness to 1.6 pum and the confocal pa-
rameter to be 32.3 um. This allows for imaging of larger cells by compromising the light-sheet
thickness and intensity. The size of the light-sheet in the y—dimension (width) is 27 pym, which
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results in a size of the field of view of 11.9 x 27 um for a 2 mm slit opening and 32.3 x 27 um
for a 1 mm slit opening. To increase the field of view for larger cells the y—dimension of the
beam could be tuned by changing the fan angle of the laser line generating lens.

3. Microfluidics chip design and fabrication

Microfluidic chips with integrated reflective surfaces were produced using bulk-
micromachining of silicon. Several methods currently exist to fabricate and optimize 45° angled
sidewalls in silicon [13, 14], and for this effort we have utilized the potassium hydroxide (KO-
H) with organic surfactant approach [15]. The schematic of the device fabrication approach is
shown in Fig. 5(a). Silicon wafers with (1 0 0) orientation were cleaned and then a 1 um thermal
oxide layer was grown on the substrates. Photoresist was spun on wafers, and channel features
of varying width (50 um to 300 um) were created on the substrates using photolithography. The
features were then transferred into the oxide with a reactive ion etch. Channels with 45° angled
sidewalls were then etched into the silicon substrate using a KOH solution with TritonX-100
detergent added to improve the smoothness of the etched sidewalls [15]. Since the KOH etch
chemistry is selective for silicon and does not etch the silicon dioxide, the oxide mask is under-
cut during the etch process leaving oxide overhangs (Fig. 5(a(iv),c)). After the wet etch process,
the substrates were rinsed thoroughly, and subjected to a buffered hydrofluoric acid (HF) etch to
remove the oxide mask. Using a contact profilometer, the sidewall angle for etched microchan-
nels was determined to be 42.9 +0.63° for a microchannel depth of 41.3 £ 1.7pm (n=20). As
expected from an anisotropic etch determined by the silicon crystal orientation, SEM imaging
indicated that the microchannel sidewalls were qualitatively flat over the length of the sidewall
with some curvature at the crystal plane intersections at the top and bottom of the channels
(Fig. 5(d)). Atomic force microscopy (AFM) was used to examine the surface roughness of the
sidewalls (R,;,s = 4.14nm) in comparison to the roughness of the top of the silicon wafer that
was previously under the oxide mask (R,,;; = 1.75nm). The top surface of the channel has in-
creased surface roughness due to the difference in the etching plane of the bottom surface (1 0
0) to the sidewalls (1 1 0). After another batch of thorough rinsing, substrates were placed into
an evaporator and coated with a thin layer of aluminum metal. Aluminum was chosen due to its
high reflectivity in the optical wavelength range compared to other metals. Figure 5(d) shows a
channel with 45° angled sidewalls as measured with scanning electron microscopy (SEM) and
contact profilometry. After wafers were coated with aluminum, they were sawed into chips and
anodically-bonded to pyrex coverslips to enclose the microchannels.

To create a reliable fluidic and optical interface with the microfluidic chip it was housed in
a plastic laminate package. The package was made from five layers of adhesive coated and
uncoated plastic sheets (Fig. 6(a)). Each sheet was laser cut and then laminated together to for-
m a three dimensional mechanical housing to which the microfluidic chip was attached (Fig.
6(b)). The upper four layers were comprised of 2.0 mm polymethylmethacrylate (PMMA, Astra
Products), 0.10 mm acrylic adhesive tape (90445, Adhesives Research), 2.0 mm PMMA, and
0.10 mm 90445 tape. These layers house silicon O-rings (dash 001, McMaster-Carr) which
received and supported PEEK or PTFE tubing (OD, 1/32 inch) used to supply buffers, gel,
sample, and cleaning reagents to each of the channels individually. The lower three layers were
comprised of 0.5 mm PMMA (Astra Products), 0.10 mm 90445 tape, and 0.20 mm PMMA
(Astra Products). The functionality of the PMMA layers was mechanical support and align-
ment of the microfluidic chip. The tape layer provided a channel for the gel to be loaded in the
mirrored micro-channel without interfering with subsequent introductions of fluids (Fig. 6(c)).
The bottom side of the adhesive was also used to adhere the microfluidic chip (silicon side) to
the package. The final arrangement of the package resulted in the imaging-side of the microflu-
idic chip oriented opposite of the fluidic tubing interface (Fig. 6(d,e)), which package was then
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Fig. 5. Channel fabrication and characterization. (a) Schematic of channel fabrication. A
silicon wafer is used to etch the channel (i). An oxide mask is grown on the silicon (ii)
and a mask opening is created by photolithography (iii). The channel is etched by KOH
which leaves oxide mask overhangs (iv). The mask is removed (v) and the channel surface
is coated with aluminum (vi) before being anodically bonded to a glass coverslip (vii). (b)
Optical microscope image of four channels. (¢) SEM image of four channels after KOH
etch but before HF etch showing oxide mask overhangs. (d) SEM image depicting a single
channel after HF etch to remove oxide mask.
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Fig. 6. Chip layout. (a) Exploded view of chip packaging. Each chip is packaged into five
layers of PMMA with two O-rings incorporated for each in and outlet. (b) Transparent top
and side view images of chip assembled in packaging. (c) Schematic showing the fluidic
connections inside the chip. (d,e) Photographs showing top (d) with tubing connections and
bottom (e) with coverslip surface of packaged chip.

secured into the microscope setup.

4. Materials and methods

4.1.  Characterization of microfluidic channels with 45° mirror side walls

SEM was performed to image the channels after fabrication, using a Hitachi S4800 microscope.
AFM was performed to characterize the surface roughness of the reflective surfaces. A Dimen-
sion 5000 microscope was used in tapping mode, and the raw data was modified by leveling to
order 1.

4.2.  Measurement of light-sheet dimensions

The profile of a focused Gaussian beam along the optical axis is described by:

2
o, = a)0><<l+<z>> (6)
20

where @, is the beam radius at which the field intensity drops to 1/e? of the axial value, @y is
the beam radius at position zp which is the minimum value of @, and known as the beam waist
(Fig. 4(a)). To measure the dimensions of the light-sheet coming out of the objective an 8-well
chamber slide (LabTek) was coated with AlexaFluor 647 and positioned above the objective.
In order to image multiple focal planes above the objective without changing the light-sheet,
the tube lens was moved to and from the camera (Fig. 4(b)). For each position of the tube lens
the piezo stage was used to move the fluorescent slide into the focal plane and 100 images of
the beam profile illuminating the slide were recorded for 3 slit apertures. The z—position of the
piezo was recorded with the images and the position of the tube lens was marked. Next, the
tube lens was moved to another position and the procedure was repeated. After images were
acquired for each position of the tube lens, the fluorescent slide was exchanged for a calibration
grid with known dimensions (Thorlabs, R1L3S3P). For each position of the tube lens the grid
was imaged to determine the magnification of the system with the tube lens at that position.
The y-projection of the mean of the 100 images was corrected for the measured magnification
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and fitted to a Gaussian function to determine the beam width (Fig. 4(c)). Next, the beam width
was plotted against the z—position (as recorded by the piezo) for each slit aperture width and
the resulting curves were fitted to Eq. (6) (Fig. 4(d)).

4.3.  Cell lines and reagents

HeLa cells were cultured in Dulbeccos Modified Eagle Medium (Life Technologies # 10313-
021) supplemented with 10 % fetal bovine serum (HyClone), penicillin-streptomycin, and 2 mM
L-glutamine at 37 °C and 5 % CO,. RBL-2H3 cells were cultured in MEM (Life Technologies
#11095-080) supplemented with 10 % fetal bovine serum (HyClone) penicillin-streptomycin,
and 2 mM L-glutamine at 37 °C and 5 % CO,. Mitochondria were labeled with 5 ug mL~! anti-
TOM20 antibody (Santa Cruz Biotechnology, sc-11415) which was conjugated to AlexaFluo-
1647 carboxylic acid, succinimidyl ester (A-20006, Life Technologies) as described earlier [16].

4.4. Fixation and labeling

All labeling and washing steps were carried out at room temperature while rotating unless stated
otherwise. Cells were harvested by trypsin and suspension cells were fixed in 4 % paraformalde-
hyde in PBS for 2 h. Cells were washed once with PBS and were blocked and permeabilized in
PBS + 5% BSA + 0.05 % Triton X-100 for 15 min to 30 min and stored at 4 °C in PBS + 2 %
BSA + 0.05 % NaNj3. Cells were labeled with primary antibody in PBS + 2 % BSA + 0.05 %
Triton X-100 for 2 h at room temperature followed by extensive washing in PBS + 2 % BSA.

4.5. Diffraction limited imaging

For diffraction limited imaging, fixed and labeled cells were loaded into Poly-L-lysine (PLL)
coated channels in PBS by a syringe pump and were left to settle for 1 h before the PBS was
replaced by imaging buffer. Imaging was performed in an imaging buffer with enzymatic oxy-
gen scavenging system: S0mM Tris, 10mM NaCl, 10 % w/v glucose, 168.8 UmL~! glucose
oxidase (Sigma #G2133), 1404 UmL ™! catalase (Sigma #C9332). Diffraction limited images
were acquired by taking 15 frames at each z—plane, with planes being 250 nm apart. The expo-
sure time was 20 ms frame ™. In Fig. 7 images are the background corrected mean of all images
taken at one z—plane. Line profiles and orthogonal projections were calculated from these mean
images using Fiji [17].

4.6. SM-SR imaging

Cells were imaged in standard dSTORM imaging buffer [18] with enzymatic oxygen scaveng-
ing system supplemented with 50 mM 2-aminoethanethiol (MEA), pH 8.5. For SMSR imag-
ing suspension cells were imaged in a 1 % low melting temperature agarose (A9045, Sigma
Aldrich) gel. The gel was prepared by dissolving agarose in PBS using microwave heating.
Aliquots of 4 % agarose solutions were stored at 4 °C until use. Agarose aliquots were heated to
80 °C to melt and cooled to 37 °C before mixing with cells. Cells were washed once in dSTOR-
M buffer before mixing with the agarose. The agarose-cell mixture was diluted in dSTORM
buffer to get a 1 % agarose concentration. Before cell loading the microfluidic chip was filled
with dSTORM buffer through the buffer inlet. The agarose-cell mixture was loaded through the
gel inlet port using a manual syringe while the channel was imaged close to the outlet port to
assure the whole channel was filled. Next, the channel was cooled on ice for 5 min to let the
agarose gel. The chip was assembled on the microscope stage and left to equilibrate to room
temperature for 15 min before perfusion of dSTORM buffer was started and imaging was per-
formed. dSTORM buffer was flown through the gel at 10 nL min~! during image acquisition.
For wide field illumination, cells were not imaged in the microfluidic chips because reflec-
tions from the mirror walls and top of the channel created high background. Instead cells were
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imaged in an 8-well chamber. To mimic the imaging conditions in the channel the cells were
also imaged in a 1 % agarose gel.

For 2D SMSR imaging a single plane was imaged for 200 sequences of 2000 frames. For 3D
whole-cell imaging cells were imaged from bottom to top, 2000 frames were acquired at each
z-plane and planes were spaced 250 nm apart. The scan was repeated throughout the whole-
cell twelve times resulting in 24 000 frames for each z—position. For wide field and light-sheet
illumination the acquisition procedure was the same.

4.7.  Super-resolution image analysis and reconstruction

For both 2D and 3D super-resolution raw data were converted to photon counts by subtracting
a pixel specific offset and multiplying by a pixel specific gain factor as described for sCMOS
cameras [19]. We accounted for the pixel dependent read noise in our fitting algorithms as
described earlier [19].

For 2D super-resolution imaging single emitters in each frame are identified as described
[20]. The method performs two filtering steps to reduce the Poisson noise and smooth out the
data, then finds the pixel coordinates of local maxima and uses these as the centers of fitting
regions. Each fitting region measured 7 x 7 pixels and all fitting regions were fed into the 2D
localization algorithm that maximize the likelihood function using a Newton-Raphson method
to iteratively update the fitting parameters, which includes the x and y positions, the total photon
count, the background photon counts and the size () of the PSF. The localized emitters were
filtered through thresholds on localization precision calculated from the Cramer-Rao Lower
Bound (CRLB) and the p-value. The accepted emitters were used to reconstruct the SR image.
Each emitter is represented by a 2D-Gaussian with (0x) and (oy) equal to the smallest of the
localization precision in x and y.

For 3D whole-cell imaging we used a scale space filtering approach to reduce noise and en-
hance individual emitter signal. The scale space consists of five difference of Gaussians filters
with varying x and y dimensions to match in and out of focus shapes of individual emitters. Pix-
el coordinates of local maxima in the scale space are intensity thresholded using an automated
threshold selection method [21] and are used as centers of fitting regions. The fitting region size
is 8 x 8 pixels (1.22 um) and a phase retrieved PSF model is used in a 3D localization algorithm
based on maximum likelihood estimation (MLE) [1,22] using a Poisson noise model. All the fit-
ting regions were fed into the 3D localization algorithm that maximizes the likelihood function
using a Newton-Raphson method to iteratively update the fitting parameters, which includes
the x, y and z positions, intensity, and background photon counts. The localized emitters were
filtered by thresholding the intensity, background, p-value and CRLB on o, oy and o; of the
estimate. Localizations were frame connected as described earlier [22]. The accepted emitters
were used to reconstruct SR images in which every emitter was plotted as a 3D Gaussian blob
with oy and o, equal to the minimum of the two localization precisions based on the CRLB.
The cylindrical lens which is used to create astigmatism of the PSF also alters the magnification
in the y—dimension. This results in different pixel sizes in the x and y—dimension, for which we
corrected in the image reconstructions.

4.8.  Computation

All data analysis was performed in Matlab (version 2014a and version 2015a, The Mathworks)
with the DIPimage toolbox (http://www.diplib.org/) unless stated otherwise. Position estimation
was performed using c-language and NVIDIA CUDA that were compiled to Matlab Mex files
[22].
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Fig. 7. Light-sheet illumination reduces background and increases contrast in diffraction
limited imaging. Images of an RBL cell illuminated in wide field (a) and light-sheet (b)
mode. Shown are one x—y plane and x—z and y—z projections. (c) Intensity profiles for the
lines shown in (a). Scale bar is 5 pm.

5. Results

To demonstrate the decrease in fluorescence background of single cells we imaged fixed RBL
cells labeled for TOM-20 in the microfluidic channels with wide field and light-sheet illumi-
nation (Fig. 7(a,b)). Direct comparison of the same cell imaged with wide field and light-sheet
illumination clearly demonstrated the reduced background and increased contrast of the mito-
chondria, highlighted by the intensity profiles through individual mitochondria (Fig. 7(c)).

To investigate the advantages of light-sheet illumination on SMSR imaging we performed
2D dSTORM imaging of mitochondria in HeLa cells. We compared wide field and light-sheet
illumination. The 45° mirror surfaces don’t extend into the coverslip, therefore the reflection
of the light-sheet is not optimal at the first few um above the coverslip. To prevent the cells
from touching the coverslip we imaged them in agarose gel. For wide field illumination we
chose to image cells in 8-well chamber dishes in a 1 % agarose gel to prevent increasing the
background due to reflections of the chip side walls and top. Figure 8(a,b) shows single cell im-
ages obtained with wide field (a) and light-sheet (b) illumination. With wide-field illumination
detection and localization of individual emitters is difficult in fluorophore-dense areas of the
cell due to illumination of out-of-focus emitters. This results in poorer reconstruction of mito-
chondrial structure. Moreover, since the light-sheet focuses the illumination in one dimension
the illumination intensity is increased. Higher illumination intensities lead to faster blinking
kinetics [19, 23], therefore we could image 2.5 times faster with light-sheet than with wide
field illumination (2ms frame™! vs 5ms frame™') without decreasing the number of photons
per emitter (Fig. 8(c)). The total acquisition times for these images consisting of 150 sequences
of 2000 frames were 35 min for wide field illumination and 16 min for light-sheet illumination.
Also, quantification of the number of background photons per pixel clearly demonstrates a re-
duction in background for light-sheet illumination (Fig. 8(d)). This is also reflected in the SNR
which is higher for light-sheet than wide field illumination (Fig. 8(e)). This results in a better
localization precision, reported as the CRLB on oy in Fig. 8(f), is better for light-sheet than for
wide field illumination.

To use the SO-LSM setup for whole-cell 3D dSTORM imaging we placed a cylindrical
lens in the emission light path to localize individual emitters in 3D. We imaged HeLa cells
that were fixed in suspension and immunostained for TOM-20 in the microfluidic chips with
light-sheet illumination (2 ms frame™!) and in 8-well chambers with wide field illumination
(5 ms frame 1) as described for 2D SMSR. Raw image frames (Fig. 9(a,b)) clearly demonstrate
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Fig. 8. SO-LSM improves 2D super-resolution microscopy. HeLa cells were labeled for
TOM-20 to visualize mitochondria and imaged for 200 sequences of 2000 frames each. 2D
reconstructions are shown for cells imaged using wide field (a) and light-sheet illumination
(b). White boxes show the position of zoomed in regions shown to the right of each image.
Histograms of intensity (c), per pixel background (d), signal to noise ratio (SNR, e) and
localization accuracy reported by the CRLB oy (f) of individual emitters are shown. Green
dotted lines depict results for cells imaged with wide field illumination and solid purple
lines depict results for light-sheet illumination. Histograms are summed over 4 cells imaged
for each condition. LS = light-sheet, WF = wide field, scale bar 2 um.

a higher background signal for wide field vs light-sheet illumination. Quantification of single
emitter statistics shows that while the number of collected photons (Fig. 9(c)) is the same, the
per pixel background (Fig. 9(d)) is reduced for light-sheet illumination. This results in a better
SNR (Fig. 9(e)) and a slightly improved localization accuracy (Fig. 9(f)) for the z—position of
individual emitters.

There could be several reasons why the difference in SNR doesn’t result in an large improve-
ment of the localization accuracy. First, the reported localization accuracy is reported only for
accepted emitters. Thresholding of emitters is done based on intensity, background, localiza-
tion accuracy and p-value of the fit. Therefore, only good localizations will be represented in
the plot. Indeed, when we compare all localizations without thresholding and the advantage of
light-sheet illumination was more pronounced (data not shown). Moreover, if we compare the
acceptance rates of localizations we find that these are higher for light-sheet illumination than
for wide field (28 % vs. 25 % respectively). Second, the high background in wide field illu-
mination might prevent low intensity emitters from being detected by our box finding method
resulting a bias towards better localization accuracies. However, this will results in fewer de-
tected emitters, thereby decreasing final emitter density and image quality. This effect will be
stronger in 3D SMSR than in 2D SMSR, because the 3D PSF is larger due to the astigmatism,
thereby decreasing the pixel intensities for single emitters, but not for out-of-focus background.

To investigate the advantage of increased intensity in light-sheet illumination we analyzed
the data acquired for Fig. 9 for the same acquisition times. 3D reconstructions are shown for
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Fig. 9. SO-LSM improves 3D super-resolution microscopy. HeLa cells were labeled for
TOM-20 to visualize mitochondria and imaged for 150 sequences of 2000 frames each.
Single frame raw data images, corrected for offset and gain, are shown for cells imaged
using wide field (a) and light-sheet illumination (b). Histograms of intensity (c), per pixel
background (d), signal to noise ratio (SNR, e) and localization accuracy reported by the
CRLB on o;, (f) of individual emitters are shown. Green dotted lines depict results for cells
imaged with wide field illumination and solid purple lines depict results for light-sheet
illumination. LS = light-sheet, WF = wide field, scale bar 3 pm.

data acquired in 1, 3 and 5 minutes (Fig. 10). For all three time points the images demonstrate
better reconstructions for light-sheet than for wide field illumination. After 1 minute the light-
sheet image already shows well defined mitochondria whereas hardly anything is visible with
wide field illumination. After 3 and 5 minutes mitochondrial membranes are better defined for
light-sheet than for wide field illumination. This clearly demonstrates the advantage of higher
illumination intensities by light-sheet illumination in decreasing the acquisition time needed
for good reconstructed images.

Next, we used imaged complete, top-to-bottom TOM-20 labeled HeLa cells with widefield
and light-sheet generation. Figure 11(a,b) shows x—y whole-cell projections of the reconstructed
images which are color-coded for z—depth. Figure 11(c-f) shows x—y projections of 2 um thick
slices in which individual mitochondria can be clearly resolved. One major advantage of light-
sheet illumination for whole-cell 3D imaging is that there is no photo-bleaching of out-of-focus
fluorophores. This is clearly demonstrated by the slower decrease in number of accepted lo-
calizations per repeat cycle (single scan through whole-cell) (Fig. 12) for light-sheet compared
to wide field illumination. This results in an overall higher number of accepted emitters which
contributes to a better image quality and resolution. This is clearly shown in the zoomed in
regions of single mitochondria in Fig. 11(c-f) which are much better defined for the light-sheet
illuminated cell (Fig. 11(d,f)) than for the wide field illuminated cell (Fig. 11(c,e)).

6. Discussion

For SMSR imaging epi-fluorescence microscopes are the currently the standard. TIRF illumi-
nation is often necessary to prevent high background from out-of-focus fluorphores, however
this limits the application of SMSR to the ventral membrane of cell. This limitation provided
the motivation to develop a simple device that can be used on an epi-fluorescence microscope
to improve SMSR imaging by providing light-sheet illumination of the sample.
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Fig. 10. SO-LSM speeds-up acquisition of 3D super-resolution data. HeLa cells were la-
beled for TOM-20 to visualize mitochondria and imaged at a single plane for 5 minutes
using wide field (a) and light-sheet illumination (b). 3D reconstructions are shown for data
acquired in 1, 3 and 5 minutes. Zoom of single mitochondria are shown from the white
boxed regions. z—position of emitters is indicated by color coding. Scale bar 2 um.

To implement SO-LSM on an existing epi-fluorescence microscope a side-port could be
used to incorporate a light-sheet generating light-path. The microfluidic chip with 45° mirror
surfaces can be packaged in any shape plastic packaging to fit on any microscope stage. For
cell and buffer loading regular syringes with or without a syringe pump can be used. This
makes SO-LSM a cheap and simple alternative to more complicated and expensive optical
systems for whole-cell 3D super-resolution imaging such as structured illumination [24] or
lattice light-sheet microscopy [9]. Furthermore SMSR imaging is sped up by the increased laser
intensity from the focusing of the light-sheet which overcomes the need to use more powerful
and expensive lasers. This benefit also appears in HILO microscopy [11], however the sheet
intensity in HILO varies with z—depth within the sample, whereas with SO-LSM the intensity
gain is the same at each z—position.

We showed that SO-LSM improves the image quality in diffraction limited imaging. The
microfluidic chip with 45° mirror surfaces can therefore also be used for live-cell imaging.
Both single plane as well as whole-cell imaging will benefit from light-sheet illumination due
to reduced background and decreased photo-bleaching and photo-toxicity. We showed that we
can incorporate cells into a gel, which can be perfused on chip. This opens up the possibility
to image live cells in a 3D environment created by a gel or matrix with high speed and good
image quality.

7. Conclusion

In conclusion, we have shown that a microfluidic chip with incorporated 45° mirror surfaces
can be used for light-sheet illumination with a single objective. This system provides decreased
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Fig. 11. SO-LSM improves whole-cell 3D super-resolution microscopy. HeLa cells were la-
beled for TOM-20 to visualize mitochondria and imaged using the 3D SMSR method. Cells
were imaged from bottom to top and sequences of 2000 frames were acquired at z—planes
spaced 250 nm apart. The scan through the cell was repeated 12 times. x—y projections of
reconstructed images with color coded z—depth are shown for cells imaged using wide field
(a,c,e) and light-sheet illumination (b,d,f). Zoom of single mitochondria are shown from
the white boxed regions. Z-position of emitters is indicated by color coding. Image are re-
constructed from whole-cell data (a,b) and 2 um thick slices (c,d,e,f). LS = light-sheet, WF
= wide field, scale bars 1 ym

#258956 Received 29 Feb 2016; revised 12 Apr 2016; accepted 9 May 2016; published 17 May 2016
(C)2016 OSA 1 June 2016 | Vol. 7, No. 6 | DOI:10.1364/BOE.7.002219 | BIOMEDICAL OPTICS EXPRESS 2235



—e—LS
—WF

0.5t

Number of accepted fits

1 2 3 45 6 7 8 9 10 11 12
Repeat number
Fig. 12. SO-LSM reduces bleaching during whole-cell 3D super-resolution microscopy.

Relative number of accepted fits per repeat (normalized to max) are shown for the data
from figure 11. LS = light-sheet, WF = wide field

background in diffraction limited imaging. We demonstrated that using the SO-LSM approach
we achieve a large background reduction in SMSR resulting in a higher SNR and a better local-
ization accuracy. Moreover, photobleaching is significantly reduced in 3D whole-cell imaging,
resulting in more localizations and improved reconstructed image quality. And due to the in-
creased intensity in the light-sheet we can speed up the acquisition up to 2.5 fold. SO-LSM
is easily applicable on any common inverted epi-fluorescence microscope in which a side-port
can be used for light-sheet generation. Therefore SO-LSM provides a simple method to greatly
improve whole-cell 3D super-resolution microscopy.
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